Abstract We present new Sr-Nd-Pb-Hf-He isotopic data for 65 volcanic samples from the northern Lau and North Fiji Basins. This includes 47 lavas obtained from 40 dredge sites spanning an east-west transect across the Lau and North Fiji basins, 10 ocean island basalt (OIB)-type lavas collected from seven Fijian islands, and eight OIB lavas sampled on Rotuma. For the first time, we are able to map clear north-south and east-west geochemical gradients in 87 Sr/ 86 Sr across the northern Lau and North Fiji Basins: lavas with the most geochemically enriched radiogenic isotopic signatures are located in the northeast Lau Basin, while signatures of geochemical enrichment are diminished to the south and west away from the Samoan hot spot. Based on these geochemical patterns and plate reconstructions of the region, these observations are best explained by the addition of Samoa, Rurutu, and Rarotonga hot spot material over the past 4 Ma. We suggest that underplated Samoan material has been advected into the Lau Basin over the past $4 Ma. As the slab migrated west (and toward the Samoan plume) via rollback over time, younger and hotter (and therefore less viscous) underplated Samoan plume material was entrained. Thus, entrainment efficiency of underplated plume material was enhanced, and Samoan plume signatures in the Lau Basin became stronger as the trench approached the Samoan hot spot. The addition of subducted volcanoes from the CookAustral Volcanic Lineament first from the Rarotonga hot spot, then followed by the Rurutu hot spot, contributes to the extreme geochemical signatures observed in the northeast Lau Basin.
Introduction
Large-scale mantle convection releases heat from Earth's interior through three primary mechanisms: subduction, plate spreading at divergent boundaries, and buoyant mantle upwellings. There are only a few locations on Earth where expressions of these three mechanisms-arcs, back-arc spreading centers, and plumes-interact in close geographic proximity. The geographic juxtaposition of the upwelling Samoan plume, the Tonga Trench, and the associated back-arc ridges in the northern Lau and North Fiji Basins provides a rare natural laboratory where these systems interact intimately (Figure 1 ). While the effect of subduction and rollback-induced mantle flow on a nearby upwelling plume has been studied in a laboratory setting [e.g., Druken et al., 2011 Druken et al., , 2014 , it is critical to also evaluate this phenomenon in a natural setting.
The Tonga Trench-Samoan plume system provides an opportunity to evaluate mantle flow in the vicinity of a subducting slab experiencing rapid rollback (Figure 1 ). The unique geochemistry associated with the Samoan plume effectively acts as a geochemical tracer that can be followed as it infiltrates the depleted upper mantle of the Lau and North Fiji back-arc basins [e.g., Druken et al., 2014] . Tracking the shape and extent of the incursion of the Samoan material in the back-arc basins through geochemical analyses of lavas in the region can reveal how mantle flows around the nearby downgoing Tonga slab. Specifically, the Samoan plume is host to extreme isotopic signatures, including high Pb] and EM1 [enriched mantle 1]), which influence the geochemistry of lavas in the Lau and North Fiji Basins [Price et al., 2016] . The Louisville, Rurutu, and Rarotonga hot spot tracks, and volcanoclastic sediments therefrom, have all been proposed to subduct into the Tonga Trench, and therefore have been argued to influence the geochemistry of back-arc lavas erupted in the vicinity of the subducting hot spot tracks [e.g., Turner and Hawkesworth, 1998; Falloon et al., 2007; Regelous et al., 2008; Timm et al., 2013; Price et al., 2016] . Fortunately, each of these subducted hot spots host geochemical signals distinctive from those found in Samoa and, in essence, act as additional tracers when introduced to the Lau and North Fiji Basins. Consequently, deconvolving the contributions of various geochemical plume signatures can constrain the origin of the geochemical signals in the Lau and North Fiji back-arc basin lavas and illuminate shallow mantle flow patterns in the region.
Here we use new isotopic data from lavas in the northern Lau and North Fiji Basins to further constrain the spatial distribution of geochemical signatures associated with the Samoa, Louisville, Rurutu, and Rarotonga hot spots. We present Hf, Pb, Sr, and Nd isotopic data from 65 samples spanning the Lau and North Fiji Basins; in addition to Hf, Pb, Sr, and Nd isotopic data, we also present new He isotopic data for a new suite of lavas from Rotuma and Fiji Islands. The majority of the samples discussed here come from the 2012 Northern Lau Transit Expedition of the R/V Southern Surveyor (cruise name: ss2012_v02). These lavas provide an east-west transect across the Lau and North Fiji Basins that gives an unprecedented new perspective on the distribution of geochemical signals in the region. Data for a new suite of ocean island basalt (OIB) lavas from Rotuma Island, located in the northern North Fiji Basin, as well as young, postarc OIB-type lavas from the Fijian Islands (i.e., Fijian ocean island basalt, FOIB, Gill and Whelan [1989] ), complement this large data set.
The new data, in concert with previously published data from the region, show that geochemical patterns, both zonal and meridional, exist in the Lau and North Fiji Basins. These geochemical patterns reflect the geodynamic processes, including plume-slab interactions, that have operated over the past $4 Ma as the back-arc basins have expanded in response to rapid rollback of the Tonga Trench near the upwelling Samoan mantle plume.
Geologic Background

Geologic Setting and Previous Work
Lavas erupted in back-arc basins globally are characterized by having geochemically depleted signatures [e.g., McCulloch and Gamble, 1991; Langmuir et al., 2006; Pearce and Stern, 2006] . However, the Lau Basin is unusual in that it samples several isotopically distinct hot spot components. First, the Samoan hot spot has been suggested to influence the geochemistry of Lau Basin lavas, where distinctive high- 87 Sr/ 86 He/ 4 He signatures-associated with the Samoan plume-have been identified in the Rochambeau Rifts in the northern Lau Basin [e.g., Lytle et al., 2012; Lupton et al., 2009; Poreda and Craig, 1992] (Figure 1 ). The Samoan hot spot track, constructed on >100 Ma Pacific lithosphere [M€ uller et al., 2008] , extends west of the Samoan hot spot (Figure 1 ). The hot spot track runs parallel to (and slightly north of) the Vitiaz Lineament, a bathymetric low (Figure 1 ) that defines the boundary between the old, thick Pacific lithosphere and the young, thin lithosphere of the Lau and North Fiji Basins.
A keel of underplated Samoan plume residue, attached to the base of the lithosphere, is suggested to be present along the length of the Samoan hot spot, including the portion of the hot spot that lies north of the Lau and North Fiji Basins [Price et al., 2014] . Price et al. [2014] argued that rollback of the subducting Pacific Plate, from $4 Ma to present, has induced a long-lived toroidal flow field around the northern edge of the subducting Tonga slab: underplated Samoan plume material is entrained in the toroidal flow field and advected southward into the Lau and North Fiji Basins [Price et al., 2014] , thus explaining the Samoan plume signatures-including high 3 He/ 4 He and enriched 87 Sr/ 86 Sr-in the Lau and North Fiji Basins up to 1400 km west of the Samoan hot spot. Additionally, underplated plume material will have a tendency to flatten and spread laterally at the base of the oceanic lithosphere, which may help transport Samoan plume material southward to the northern Lau and North Fiji Basins [Phipps-Morgan et al., 1995] . Thus, together with any southward advection due to slab-induced toroidal flow, the lateral spreading due to pancaking of the plume will help mobilize the plume keel to the south and into the northern Lau and North Fiji Basins.
An additional possible contributor to the geochemical diversity in the southern Lau Basin is the Louisville hot spot, which currently subducts into the Tonga trench at $268S, but lies outside of the area considered in this study (see Figure 1 ). The Louisville hot spot exhibits relatively high 206 Pb/ 204 Pb (up to 19.6060, Vanderkluysen et al. [2015] ) and 208 Pb/ 204 Pb (up to 39.3695, Beier et al. [2011] , when considering only relatively fresh lavas) and has been suggested to contribute to the elevated Pb isotopic compositions observed in a subset of volcanoes from both the northern [e.g., Turner and Hawkesworth, 1998; Ewart et al., 1998 ] and southern [e.g., Timm et al., 2013] Tonga arc. However, geochemical signatures associated with the Louisville hot spot have not been detected in the region of the northern Lau back-arc basin that, together with the North Fiji Basin, is the focus of this study [Price et al., 2016] . Lastly, the subduction of seamounts from the Cook-Austral Volcanic Lineament [Falloon et al., 2007; Todd et al., 2009] , in particular volcanoes associated with the Rarotonga and Rurutu hot spots, influence the geochemistry of Lau Basin lavas [Price et al., 2016] . Based on plate reconstructions [Wessel and Kroenke, 2008] , the Rarotonga hot spot, which exhibits EM1 isotopic signatures, subducts into the northern Tonga Trench beneath the northeast Lau Basin (Figure 1 ). The same plate reconstructions show that the Rurutu hot spot, which hosts HIMU signatures, also likely subducts into the northernmost Tonga Trench (Figure 1 ). Furthermore, extreme geochemical enrichment of lavas from the northeast Lau Basin, including the most radiogenic Pb (HIMU) isotopic ratios and the most enriched 143 Nd/ 144 Nd (EM1) signatures in the region, can be linked to the subduction of the HIMU Rurutu hot spot track and the EM1 Rarotonga hot spot track, respectively. In conclusion, up to three hot spots originating in the South Pacific superswell influence the geochemistry of the northern Lau and North Fiji Basins, either by toroidal advection of underplated plume material (Samoa) or by subduction of older portions of hot spot tracks (Rarotonga and Rurutu). Error is 2r standard error of the mean, and is absolute (not relative), and are for the last digits of the reported isotopic ratio. Errors represent internal (in-run) precision. However, for the average values reported for AGV-2 and BCR-2 from this study and the Weis et al. [2006, 2007] studies, the error reported represents the 2 standard deviation of the mean of the individual reference material analyses. The isotopic compositions of the USGS reference materials analyzed in this study are reported together with the isotopic compositions reported in Weis et al. [2006, 2007] . Note that the results from the Weis et al. [2006, 2007] studies have been renormalized to the preferred Sr, Nd, Hf, and Pb-isotopic compositions for NBS 987, JNdi-1 (and the Tanaka et al.
[2000] conversion for JNdi-1 to La Jolla), JMC475 and NBS 981, respectively, that we use in this study. Note that the errors reported for the Weis et al. [2006, 2007] values represent 2 standard deviation of multiple measurements of the same standard.
e Reference material was run with samples from Price et al. [2014] and NLTD samples from this study, using identical chemical separation protocols and mass spectrometry; all of the data reported on these reference materials were presented in Price et al. [2014] . Note that in this study the Pb isotopic ratios here are normalized to Eisele et al. [2003] , which differs from the normalization in Price et al. [2014] . Each sample represents a separate, $200 mg aliquot of powder that was dissolved and processed separately through column chemistry. Over the course of this study, eight separate aliquots of BCR-2 and nine separate aliquots of AGV-2 were dissolved and processed separately through column chemistry. Samples with ''rep'' are replicate runs of the same sample dissolution, but run during a different analytical session on the MC-ICP-MS at WHOI.
f Reference material was run with samples from Price et al. [2016] and the Fiji/Rotuma samples from this study, using identical chemical separation protocols and mass spectrometry; the Hf and Pb isotopic data for these reference materials were published previously in Price et al. [2016] and the Sr and Nd isotopic data are published here.
Geochemistry, Geophysics, Geosystems Samples from Rotuma Island were collected by A. Price during the 2013 field season. The eight rocks analyzed here sample the two known basalt units on the island: Oinafa Basalt 1 (0.1-0.2 Ma) and Oinafa Basalt 2 (<15,000 years) [Woodhall, 1987] .
The 10 Fijian OIB samples were taken from seven different Fijian Islands: Suvasuva (sample WQ28, 2.65 6 0.22 Ma, Whelan et al. [1985] ), Koro (sample W251, 1.27 6 0.15 Ma, Whelan et al. [1985] ), Vatu-i-ra (sample WQ208, 2.72 6 0.34 Ma, Whelan et al. [1985] ), Mago (sample ''Mago''), Seatura (sample WQ7b), Nairai (sample WQ271a, 0.11 6 0.03 Ma, Whelan et al. [1985] ), and Taveuni (samples FJ-12-3, FJ-12-5, WQ64, and W135, the last of which has an age of 0.74 6 0.09 Ma, Whelan et al. [1985] ). Ages are not available for all of the individual samples presented here, but Fijian OIB lavas have been shown to have ages that post-date arc volcanism at Fiji (<3 Ma; Gill and Whelan [1989] ). Most Fijian samples were provided by J. Gill, but two samples (FJ-12-3 and FJ-12-5) were collected on Taveuni Island by A. Price during the 2012 field season. Some isotopic, major and trace element data were reported previously by Gill [1984] , Gill and Whelan [1989] , and Pearce et al. [2007] , and we augment these data sets here.
Methods
Major Element Analyses
Samples were fused with di-lithium tetraborate in graphite crucibles using a Nabertherm furnace at UCSB. Major element analyses of the fused sample beads were determined for five Fiji and eight Rotuma Island OIB samples and three USGS reference materials by X-ray fluorescence (XRF) at Pomona College. Analytical and data reduction methods followed those outlined in Lackey et al. [2012] . The new Fijian OIB and Rotuma major element data are summarized in supporting information Data Set 1, together with previously published data on these lavas and data for aliquots of BHVO-2, AGV-2, and BCR-2 USGS reference materials that were run (as unknowns) during the same sample preparation and analytical sessions as the Fiji OIB and Rotuma samples (see supporting information Data Set 1). Previously published XRF major element data for the remaining five Fijian rocks examined here are reported in Gill and Whelan [1989] (see supporting information Data Set 1).
Trace Element Analyses
Trace element concentrations of most Fiji and all Rotuma lavas examined in this study were measured by ICP-MS at Washington State University (WSU) on $200 mg of whole rock powders that were prepared in an Spex alumina ceramic mill at UCSB. The data are reported in supporting information Data Set 2 together with data for a $200 mg aliquot of BCR-2 that was run (as an unknown) during the same analytical session as the five Fiji and five Rotuma lavas. The precision for the ICP-MS analyses at WSU is 0.77-3.2% (1r) for all elements except Th (9.5%) and U (9.3%) [Knaack et al., 1994; Hart and Blusztajn, 2006] . Trace element concentrations for two Fijian samples (samples W251 and W271a) were measured by ICP-MS at UCSC following the methods of Tollstrup et al. [2010] and are reported here for the first time. Two additional Fijian lavas examined in this study were previously characterized for trace element compositions by ICP-MS (samples WQ28 and WQ7b from Pearce et al. [2007] ) (supporting information Data Set 2).
3.3. Hf, Pb, Sr, and Nd Chemical Separation and Mass Spectrometry All Hf, Pb, Sr, and Nd isotopic measurements presented in this study were undertaken on 200-450 mg of fresh volcanic glass (for NLTD lavas) or whole rock chips (for Fiji and Rotuma lavas). Different methods of sample leaching, dissolution, column separation, and mass spectrometric analysis were used when analyzing the NLTD samples (Fall 2012 -Spring 2013 and samples from Rotuma and Fiji Islands (Fall 2014-Spring 2015) . These methods are described below.
All samples were acid leached prior to digestion at the Ecole Normale Sup erieure in Lyon (ENS Lyon). The NLTD glasses were leached using the protocol of Blichert-Toft and Albarède [2009] , which uses hot 6 M HCl alternating between ultrasonication and heating for about an hour. The Rotuma and Fiji Island basaltic chips were leached following the procedures outlined in Price et al. [2016] , which in addition to using hot 6 M HCl also uses hot 4 M HNO 3 and hot 30% H 2 O 2 .
Following leaching and rinsing, all samples were dissolved in a 3:1 mixture of concentrated double-distilled HF and HNO 3 followed by evaporation to dryness after digestion for 48 h at 1308C. Hafnium was separated from all the samples in this study by leaching the samples for 48 hours with concentrated double-distilled HF and then taking the HF supernatant containing the Hf through two successive anion-exchange and cation-exchange columns following the methods outlined in Blichert-Toft et al. [1997] . The CaMg-fluoride precipitates resulting from the HF leaching step, which contained the Pb, Sr, and Nd, were redissolved in 6 M HCl after first fuming them with double-distilled HClO 4 to decompose the fluorides.
Lead columns for the Rotuma and Fiji Island samples were run at ENS Lyon using microcolumns loaded with Biorad AG1-X8 resin. Strontium and Nd were recovered from the clean wash off the Pb columns using 1M HBr and transported to the University of North Carolina, Chapel Hill (UNC), while the Pb was eluted with 6M HCl and analyzed at ENS Lyon (see below). For the NLTD samples, the fraction hosting Sr, Nd, and Pb following dissolution and leaching out of the Hf at ENS Lyon was transported to Boston University (BU) where Pb was separated on Biorad AG1-X8 columns [following Price et al., 2014] ; Sr and Nd for these samples also were recovered from the clean wash off the Pb columns using 0.7 M HBr, while Pb was eluted with 6 M HCl.
Strontium and Nd for the NLTD samples were separated using ion-exchange chromatography at BU: Sr was separated using Eichrom Sr-spec resin and Nd was separated using a two-step protocol involving Eichrom TRU resin followed by Eichrom LN-Spec resin (following methods in Price et al. [2014] ). Strontium and Nd for the Fiji and Rotuma Island samples were separated at UNC. At UNC the samples were split and Sr separated from one portion using Eichrom Sr-spec, while Nd was separated from the other portion following a threestep protocol involving AGW50x-4 resin and HCl, Eichrom TRU resin, and AGW50x-4 resin with 2-methyllactic acid (MLA).
For all samples, Hf, Pb, Sr, and Nd were separated from the same sample dissolutions, thereby minimizing sample consumption and avoiding potential sample heterogeneity. The total procedural blanks for Hf, Pb, Sr, and Nd of the NLTD samples are <20 pg, <30 pg, <80 pg, and <35 pg, respectively [Price et al., 2014 and J. Blichert-Toft routine blank measurements], while the total procedural blanks for the Rotuma and Fiji samples are <20 pg, <20 pg, <100 pg, and <50 pg (J. Blichert-Toft routine blank measurements). The blanks are all negligible relative to the amount of sample Sr, Nd, Pb, and Hf analyzed.
Hafnium isotopic compositions for all samples (i.e., NLTD, Fiji and Rotuma samples) were determined by multicollector inductively coupled plasma mass spectrometry (MC-ICP-MS) on the Nu Plasma 500 HR at ENS Lyon. Lead, Sr, and Nd isotopic compositions for the NLTD samples likewise were measured by MC-ICP-MS on the Thermo-Finnigan Neptune at Woods Hole Oceanographic Institution (WHOI); the column chemistry and mass spectrometry for the NLTD samples were carried out during the same analytical sessions as the sample unknowns (and unleached USGS reference materials) analyzed in Price et al. [2014] . Lead isotopic compositions for the Fiji and Rotuma Island samples were analyzed on the Nu Plasma 500 HR at ENS Lyon while the Sr and Nd isotopic compositions of these samples were determined by thermal ionization mass spectrometry (TIMS) at UNC on the VG Sector 54 and Phoenix, respectively; the column chemistry and mass spectrometry for the Fiji and Rotuma samples were carried out during the same analytical sessions as the unleached USGS reference materials. The new radiogenic isotopic data for the basaltic unknowns and the USGS reference materials are provided in 
Major and Trace Element Compositions
Major element compositions from the new Rotuma rocks show that, with one exception (sample ROT-11), they are all alkali lavas; ROT-11 falls in the tholeiitic field (supporting information Data Set 1 and Figure S1 ). Furthermore, all the Rotuma lavas are basaltic, with the exception of sample ROT-6, which falls in the trachy-basalt field (supporting information Figure 1 ). Primitive mantle normalized plots show that the Rotuma lavas are enriched in incompatible elements (supporting information Data Set 2 and Figure S2 ).
New major element compositions for Fijian ocean island basalts examined in this study are reported in supporting information Table 1 . Additionally, supporting information Table 1 summarizes previously published major element data [Gill and Whelan, 1989; Pearce et al., 2007] for the samples that are characterized for radiogenic isotopes in this study. The major element data for Rotuma lavas and Fijian OIB are shown in supporting information Figure 2 , together with previously published data. New and previously published major element data reveal that the Fijian lavas characterized in this paper fall in the fields of trachy-basalt (samples W271a and W135), alkali basalt (samples FJ-12-3, WQ7b, WQ208, Mago, W251, and WQ28), and tholeiite basalt (samples FJ-12-5 and WQ64) (supporting information Figure S1 ); major and some trace element data for samples W271a, W135, WQ7b, WQ208, and WQ28 are presented in Gill and Whelan [1989] and Pearce et al. [2007] (supporting information Data Sets 1 and 2). New trace element data of the subset of Fiji OIB lavas characterized for radiogenic isotopes in this study are also reported in supporting information Data Set 2. Primitive mantle normalized plots show that all of the Fijian samples examined in this study are enriched in the most incompatible elements. The lavas show strong depletions in Pb and most samples exhibit enrichment in Sr (supporting information Figure S2 ). Compared to published trace element data from Fijian OIB, the lavas presented here show similar, OIB-like primitive mantle normalized trace element patterns (supporting information Figure S2 ).
Hf-Pb-Sr-Nd-He Isotopic Compositions
Isotopic data for the new samples in this study are shown in Table 1 . In the figures showing the new isotopic data (Figures 2 and 3 ) we also show (as individual data points) relevant data that were published previously, including data from the South Pandora Ridge, Fiji Triple Junction, Yasawa-Yadua Volcanic Zone, Rochambeau Bank and Rifts, and the Northeast Lau Basin (NELB). Additionally, we show data fields representing previously published data from Samoa (shield and rejuvenated lavas), Rurutu hot spot, Louisville hot spot, Rarotonga hot spot, Uo Mamae Seamount (which hosts a geochemically extreme EM1 composition in the region of Samoa and the Lau Basin), Niuafo'ou Island (which hosts an enriched mantle signature in the Lau Basin), the Tonga arc, Fijian arc lavas, the Foualei Rift and spreading center (FRSC) and the Central Lau Spreading Center (CLSC). We note that while Uo Mamae seamount defines a field distinct from that of the Rarotonga hot spot in Figures 2 and 3 , Price et al. [2016] argue that they are genetically related and their geochemical signatures ultimately derived from the same hot spot: Uo Mamae and Rarotonga Island share common EM1 geochemical signatures (stronger in the former), and Uo Mamae seamount lies on the Error is 2r standard error of the mean, and is absolute (not relative), and are for the last digits of the reported isotopic ratio. Errors represent internal (in-run) precision. (Figure 1) . The 16 new lavas dredged from 12 locations near the Fiji Triple Junction form a broad array in all isotopic spaces that is anchored by a depleted, MORB-like sample (NLTD-45-2) at one end and a more enriched sample (NLTD-40-1) at the other end (Figures 2 and 3) . The depleted end-member identified in this study (i.e., lowest 87 Nohara et al. [1994] ). In several radiogenic isotopic spaces (Figures 2 and 3) , the most geochemically enriched Fiji Triple Junction lavas plot near, or inside, the field for geochemically enriched lavas from nearby South Pandora Ridge (see Figure 1) Pb), the most enriched Fiji Triple Junction lavas overlap the fields for Samoan shield and rejuvenated lavas.
Geochemistry, Geophysics, Geosystems
Yasawa-Yadua Volcanic Zone
The next dredge region to the East, the Yasawa-Yadua Volcanic Zone, is located $400 km east of the Fiji Triple Junction and $100 km north of the largest Island of Fiji, Viti Levu (Figure 1 ) (this sampling region was referred to as ''100 km North of Viti Levu'' in Price et al. [2014] ). The five new samples from the four different dredges of the Yasawa-Yadua Volcanic Zone show a broad range of radiogenic isotopic compositions: when compared to the Fiji Triple Junction isotopic data and other isotopic data from the Lau and North Fiji Basin lavas, the Yasawa-Yadua Volcanic Zone data are shifted to higher 143 (Figures 2 and 3) . The Yasawa-Yadua Volcanic Zone array is anchored [Falloon and Crawford, 1991; Danyushevsky et al., 1995; Falloon et al., 2007 Falloon et al., , 2008 Caulfield et al., 2012 Caulfield et al., , 2015 Price et al., 2016] Hf of 0.283273. The Yasawa-Yadua Volcanic Zone array overlaps with previously published data on four lavas from this region (dredged 100 km North of Viti Levu; see Price et al. [2014] and Figures 1-3) . However, compared to the Yasawa-Yadua Volcanic Zone data presented in Price et al. [2014] , the new data extend to more geochemically enriched compositions and thus expand the compositional field of isotopic compositions identified in the Yasawa-Yadua Volcanic Zone region. Additionally, Price et al. [2014] identified a lava in the Yasawa-Yadua Volcanic Zone region, sample 162-1, that is more depleted than the new Yasawa-Yadua Volcanic Zone lavas reported here, and this sample has 143 (Figures 2 and 3 ).
Nd
Fijian Islands
A subset of the 10 subaerial, postarc Fijian island OIB lavas show the most geochemically enriched Sr, Nd, and Hf isotopic signatures and the most radiogenic Pb among the new data reported in this study (Figures  2 and 3) . Eight of the 10 lavas sampled here fall within the Type I FOIB, as designated by Gill and Whelan [1989] , because they show more geochemically depleted 87 Figure 4) . These represent the first 3 He/ 4 He analyses from Rotuma.
Geographic Variability Across Multiple Isotopic Systems
The compositions of new and previously published isotopic data on lavas from the Lau and North Fiji Basins are superimposed on a map of the region (Figures 5-7) , revealing geographic patterns in the distribution of While broad gradients in a single isotopic system, 87 Sr/ 86 Sr, illustrate the geographic trends in the geochemistry of Lau and North Fiji Basin lavas, evaluating the geographic variability of multiple isotopic systems can reveal different sources contributing to the geochemical makeup of the region (Figure 7) . Figure 7a shows the covariation between 87 Sr/ 86 Sr (where the highest, most geochemically enriched 87 Sr/ 86 Sr ratios are Tian et al. [2008 Tian et al. [ , 2011 , and Volpe et al. [1988] . Samoan data are from : Farley et al. [1992] , Hauri et al. [1993] , Jackson et al. [2006 Jackson et al. [ , 2007 Jackson et al. [ , 2009 Jackson et al. [ , 2010 Jackson et al. [ , 2014 , Matsuda et al. [1984] , Hofmann and White [1982] , Workman et al. [2004] , and Wright and White [1987] . 87 Sr/ 86 Sr [Gale et al., 2013] averages for MORB are from the literature.
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represented by increasing symbol size in the map) and 143 
Nd/ 144
Nd (where the lowest, most geochemically enriched 143 Nd/ 144 Nd ratios are represented with warmer colors) in lavas in the Lau and North Fiji Basins.
The most salient observation is that the most geochemically enriched lavas (i.e., with the highest 87 
Discussion
The first salient observation in the present study is that of clear gradients in 
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Previous studies have established that geochemical components from the Samoan hot spot are present in lavas erupted in the northern Lau Basin [e.g., Volpe et al., 1988; Gill, and Whelan, 1989; Poreda and Craig, 1992; Wendt et al., 1997; Ewart et al., 1998; Pearce et al., 2007; Tian et al., 2008 Tian et al., , 2011 Lupton et al., 2009; Hahm et al., 2012; Lytle et al., 2012; Price et al., 2014 Price et al., , 2016 Nebel and Arculus, 2015] . Using Sr-Nd-Pb-Hf isotopic compositions, Price et al. [2014] argued that a component of Samoan mantle material exists in the North Fiji Basin far (up to 1400 km) to the west of the Samoan hot spot. Further work has established that, in addition to the influx of a Samoan component into the region, subduction of the older portions of the Rurutu and Rarotonga hot spots into the Tonga Trench has influenced the geochemistry of lavas in the northern Lau Basin [Price et al., 2016] . Here using new and previously published geochemical Poreda and Craig [1992] , Price et al. [2014 Price et al. [ , 2016 , Regelous et al. [2008] , Tian et al. [2008 Tian et al. [ , 2011 , and Volpe et al. [1988] .
Geochemistry, Geophysics, Geosystems Sr geochemical patterns across the northern Lau and North Fiji Basins.
Formation of East-West Geochemical Gradients in the Lau and North Fiji Basins
Based on plate reconstruction models, Hart et al. [2004] suggested that the Vitiaz Lineament-which separates the Lau and North Fiji Basins from the Pacific plate to the north-is the result of tearing of the Pacific plate along the northern terminus of the Tonga Trench. The locus of tearing has migrated eastward as the Tonga Trench approaches the Samoan hot spot, generating an East-West striking bathymetric low (Figures  1 and 8) . At 4 Ma, Hart et al. [2004] place the northern terminus of the trench just to the south of Rotuma Island. Owing to rollback of the Pacific slab, the northern terminus of the Tonga Trench migrated $500 km eastward (relative to the stationary Samoan plume) from 4 to 2 Ma, and was located just to the south of Combe Bank by 2 Ma (Figure 8 ). Due to continued eastern migration of the northern terminus of the Tonga Trench over the past 2 Ma, the northern terminus migrated an additional $500 km eastward, and is now located just $150 km south of the Samoan island of Savai'i (and 400 km east-southeast of the volcanically active portion of the Samoan hot spot) (Figure 8 ).
As the northern terminus of the Tonga Trench has approached the Samoan plume from the west over the past 4 Ma, the tearing Pacific plate has ''unzipped'' along a path that parallels, but is shifted $100-200 km to the south of, the reconstructed trace of the Samoan hot spot track (Figures 1 and 8) . This raises the possibility that relic Samoan plume material, attached to the base of the Pacific lithosphere, may have been continuously entrained by toroidal flow around the slab edge (and into the northern Lau and North Fiji Basins) during the West-to-East ''drive by'' (Figure 8 ) of the northern terminus of the Tonga Trench. Furthermore, Phipps-Morgan et al. [1995] found that residue from hot spot melting, which forms a restite ''root'' at the base of the lithosphere, has lower density than ambient mantle. Owing, in part, to the lower density, the restite root will spread laterally, or ''pancake,'' at the base of the lithosphere over a period of at least 50 My following melt extraction. In the case of Samoa, lateral spreading of the plume restite may permit some of the flattening restite to extend south of the Vitiaz Lineament. Together with slab-induced toroidal flow, the lateral spreading due to pancaking of the plume will help advect the Samoan plume keel into the northern Lau and North Fiji Basins.
Additionally, starting at $2 Ma, the older portions of two hot spots now active in the Cook Austral volcanic lineaments-first the Rarotonga hot spot trace, followed by the Rurutu hot spot-began subducting into the Tonga Trench, thereby contributing their geochemical signatures to the northern Lau Basin. Below, we explore how these geodynamic processes occurred in three time steps (at 4 Ma, 2 Ma, and the present) as well as how they may have contributed to the formation of the geochemical patterns observed in the Lau and North Fiji basins today.
We note that our conceptual model for mantle flow in the Lau and North Fiji basins has fundamental limitations: the geodynamics of mantle flow around slab edges are highly uncertain and time-dependent owing to a variety of poorly constrained parameters that include the possible thermal influence from the Samoan plume [e.g., Putirka, 2008] , mantle wedge and plume restite viscosity, roll back rate, slab strength, etc. [e.g., Phipps-Morgan et al., 1995; Jadamec and Billen, 2016; Druken et al., 2011 Druken et al., , 2014 . 5.1.1. The Geodynamic Picture at $4 Ma: Incorporation of Advected Samoan Underplated Plume Mantle The trace of the Samoan hot spot track is known to extend westward to Alexa Bank, a 24 million year old seamount located $1700 km west of the active Samoan hot spot (but we note that the Samoan hot spot may have been active for over 100 Ma, Koppers et al. [2003] ). Previously published isotopic data on lavas from the North Fiji Basin [Price et al., 2014] suggest that an enriched mantle component (similar to that found in the Samoan hot spot) influenced the composition of the mantle beneath South Pandora Ridge (which is anchored by Rotuma at its eastern terminus; Figure 1 ). This is a notable finding, given that the Samoan hot spot is located $1700 km to the east of South Pandora Ridge (Figure 1) [Price et al., 2014] . Based on plate reconstruction models from Wessel and Kroenke [2008] , and the tectonic reconstruction of , Figure 8 illustrates that, at 4 Ma, Samoa was the only hot spot track in the region that was likely to contribute geochemically enriched signatures to the North Fiji Basin near South Pandora Ridge and Rotuma. This is because the trace of the Samoan hot spot runs along the length of the northern border of Geochemistry, Geophysics, Geosystems 10.1002 the Lau and North Fiji Basins, and no other geochemically enriched hot spots are located near the Pandora Ridge at 4 Ma. New and previously published data on lavas from the Fiji Triple Junction exhibit geochemically enriched isotopic signatures similar to those identified in the South Pandora Ridge (Figures 2 and 3) , unlike the geochemical signature typical of back-arc basins, suggesting a role for the incursion of Samoan plume material further south of South Pandora Ridge. Indeed, a series of binary mixing models between several depleted Lau and North Fiji Basin components and five Samoan plume components capture much of the radiogenic isotopic variability in South Pandora Ridge lavas and other North Fiji Basin lavas (e.g., Fiji Triple Junction, Yasawa-Yadua Volcanic Zone, and West Cikobia Volcanic Zone) (see supporting information Text S1, Table S3 , and Figure S3 ). This result supports a model where components associated with the Samoan hot spot have been advected into the North Fiji Basin and sampled by mantle melting. Figure 8 shows that, at 4 Ma, the northern terminus of the Tonga Trench was located just south of Alexa Bank, a seamount of Samoan isotopic pedigree that was $20 million years old (i.e., 24 Ma minus 4 Ma) at this time interval . Thus, at 4 Ma, underplated Samoan plume material (i.e., underplated on the Pacific mantle lithosphere beneath Alexa) that was available for entrainment by toroidal flow around the slab edge and into the Fiji Basin was $20 million years old. However, underplated Samoan plume material located closer to the active hot spot should be hotter, because it has had less time to cool by diffusive heat loss. Thus, older underplated plume material would be cooler and more viscous, and less easily entrained by toroidal flow, relative to the younger, warmer underplated Samoan plume material (located closer to the Samoan plume) that is currently being entrained by the toroidal flow around the slab edge into the Lau Basin (see below). Furthermore, the Phipps-Morgan et al. [1995] model would predict that older plume restite under Alexa would pancake and spread laterally at a slower rate than younger plume restite located closer to the Samoan hot spot, which would further slow southward advection of underplated Samoan plume material near Alexa.
Another hot spot track in the southwest Pacific, the Louisville hot spot track, has also been suggested as a contributor to the mantle heterogeneity observed in the Lau back-arc basin [e.g., Turner and Hawkesworth, 1998; Ewart et al., 1998 ]. Louisville hot spot subduction began at $4 Ma, coinciding with the opening of the Lau Basin, and the location of subduction of the Louisville hot spot track into the Tonga Trench has swept southward over the past 4 Ma [Ruellan et al., 2003] . Timm et al. [2013] showed that there is a geochemical influence from the subduction of the Louisville hot spot track in the southern Lau backarc, near the present-day locus of subduction of the Louisville hot spot track. However, there is no indication in existing data sets for the presence of a Louisville geochemical signature in lavas from the northern Lau backarc [Price et al., 2016] (see section 5.1.3, for further discussion of Louisville subduction). 5.1.2. The Geodynamic Picture at $2 Ma: Initiation of Subduction of the Rarotonga Hot Spot Track into the Tonga Trench and Enhanced Entrainment of Samoan Underplated Material At 4 Ma, the only other enriched mantle hot spot track in the region, the Rarotonga hot spot track, was located to the northeast of the northern terminus of the Tonga Trench (based on the plate reconstruction of Wessel and Kroenke [2008] ) (Figure 8 ) and was unlikely to contribute to the geochemical enrichment observed in the North Fiji Basin (Figures 5 and 7) . However, by $2 Ma, the trace of the Rarotonga hot spot track would have intersected first with the northern portion of the eastward-migrating Tonga Trench which, at the time, was located just south of Combe seamount (see Figure 8) . Thus, from $2 Ma to the present, subducted seamounts from the older portion of the Rarotonga hot spot track would have subducted into the Tonga Trench, thereby contributing distinct, geochemically enriched signatures to the back-arc basin: Figure 8 . Cartoon schematic showing the tectonic evolution of the Lau and North Fiji Basins over the past 4 million years, based on a three-dimensional adaptation of Figure 9 from Hart et al. [2004] . As the Tonga trench has migrated to the east relative to the Samoan hot spot over the past 4 Ma, underplated Samoan-plume material has been drawn into the northern Lau and North Fiji Basins by toroidal flow around the Tonga slab. As the tear in the Pacific plate neared the Samoan hot spot, the underplated Samoan-plume material entrained by toroidal flow (the curved arrow) is progressively younger, and therefore hotter and less viscous, and easier to entrain. As a result, there is enhanced entrainment of Samoan material by toroidal flow around the slab at the present day compared to 4 Ma, resulting in clearer/ stronger Samoan plume signatures (higher He) in the northeast Lau Basin compare to the 4 Ma and 2 Ma timesteps. Also, any geochemical signatures associated with Samoan plume material entrained into the North Fiji Basin (at $4 Ma) have had more time to mix with ambient depleted mantle, resulting in weaker (more attenuated) Samoan plume signatures in the west. Additionally, we show that, by $2 Ma, the Rarotonga hot spot track began subducting into the Tonga Trench, and continues to subduct into the present day. The Rurutu Hot spot track also begins to subduct into the Tonga Trench during the most recent time interval (2 Ma to present). The Louisville hot spot track is shown in the 4 Ma and 2 Ma time steps; it plots off (below) the cartoon in the present day timestep because it is currently subducting further to the south (beneath the Southern Lau Basin). The locations of Lau Basin back-arc spreading centers at 2 Ma and 4 Ma are not included owing to uncertainty in their paleolocations. Sr) found in the Lau Basin east of 1788W (i.e., the longitude of Combe) may be related to a contribution from two distinct EM hot spots, including the first appearance of subducted Rarotonga material at $2 Ma and enhanced southward advection of younger, hotter and less viscous underplated Samoa plume material. However, we note that much of the geochemical variability identified in the northern Lau Basin (excluding the northeast Lau Basin) can be explained by binary mixing of geochemical components associated with the Samoan hot spot and geochemically depleted back-arc basin components (see supporting information Text S1 and Figure S3 ), and it is only in the northeast Lau Basin that that a clear role for input from the Rarotonga hot spot is observed [Price et al., 2016] .
Geochemistry, Geophysics, Geosystems
Implications of Continued Pacific Slab Rollback to the Present Day
The most geochemically enriched lavas yet discovered in the study region are found in the northeastern Lau Basin. We argue that the strongly enriched geochemical signatures seen in the northeastern Lau Basin relate to the present-day tectonic configuration of the Pacific plate and the plates that comprise the Lau Basin, the subducting hot spots from the Cook-Austral volcanic lineament, and the Samoan plume. While the northern terminus of the Tonga Trench currently is closer to the Samoan plume than at any other time in its history, the 400 km distance may still be too great to directly entrain material from the upwelling Samoan plume conduit into the Lau Basin via toroidal flow around the subducting Tonga slab. Indeed, the west-to-east younging of plume-derived shield volcanoes in Samoa [Koppers et al., 2008 [Koppers et al., , 2011 is consistent with a relatively laterally stationary Samoan plume conduit, and therefore inconsistent with a 400 km eastto-west migration of the Samoan plume conduit from the hot spot (at Vailulu'u seamount) to the Lau Basin (Figure 1) . However, the northern terminus of the Tonga Trench is presently located only $150 km south of the island of Savai'i, which has shield-stage lavas of only $4-5 Ma of age [Koppers et al., 2011] . Thus, underplated Samoan plume material attached to the Pacific lithosphere beneath Savai'i is young (only 4 to 5 Ma), and therefore younger, hotter and less viscous than the putative underplated Samoan plume material entrained by slab rollback at the 2 and 4 Ma time steps in our model (shown in Figure 8 ). As a result, underplated Samoan plume material currently being entrained into the Lau Basin should be more easily entrained by toroidal flow (and more easily advected southward by plume restite pancaking, Phipps-Morgan et al.
[1995]) than underplated Samoan plume material entrained in the prior 4 million year history of basin opening. This predicts stronger signatures of geochemical enrichment in the northern Lau Basin associated with entrainment of underplated Samoan plume material. Indeed, the presence of boninites found in the Geochemistry, Geophysics, Geosystems
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northeastern Lau Basin [e.g., Sobolev and Danyushevsky, 1994; Falloon and Danyushevsky, 2000; Resing et al., 2011] , closest to the Samoan plume, is consistent with elevated temperatures (as high as $14808C) in the mantle wedge above the northern Tonga slab, and points to incursion of young, hot Samoan plume material into the Lau Basin [Sobolev and Danyushevsky, 1994; Falloon and Danyushevsky, 2000] .
While enhanced signatures of geochemical enrichment in the northeastern region of the Lau Basin ( Figures  5 and 7 ) may be attributable to more efficient entrainment of progressively younger and hotter underplated Samoan plume material as the Tonga Trench approaches Samoa, additional factors are likely at play. For example, underplated Samoan plume material that was swept into the Lau Basin at 4 Ma has had more time to mix with ambient depleted back-arc basin mantle than Samoan plume material that was more recently incorporated into the Lau Basin from beneath Savai'i. Thus, geochemically enriched Samoan plume signatures entrained at 4 Ma have had more time to mix with ambient back-arc basin mantle than more recently entrained Samoan plume signatures, and this may help explain the weaker signals of geochemical enrichment observed in the western regions of the back-arc basins compared to the eastern regions ( Figures 5 and 7) .
In addition to the incorporation of Samoan mantle material, and the continual subduction of the Rarotonga hot spot track under the northern Lau Basin, geochemical data and hot spot track reconstructions show evidence for recent (<1 Ma) initiation of subduction of the HIMU Rututu hot spot track under the northeastern Lau Basin. The most extreme high 206 Pb/ 204 Pb ratios are confined to the northeastern portion of the Lau Basin, adjacent to the intersection of the Rurutu hot spot track and the Tonga Trench ( Figure 7 ). Unlike Samoan hot spot material (which has been incorporated in the Lau and North Fiji Basins for the past 4-5 Ma) and the Rarotonga hot spot (which was introduced via subduction at $2 Ma), the HIMU signature from Rurutu was only recently introduced into the Lau Basin. Therefore, the HIMU influence is more geographically restricted than the influence from the other hot spots, and the HIMU signature is only visible in the northeast Lau Basin (Figure 7 ).
We also note that a contribution from the subducted Louisville hot spot has been suggested for lavas in the northern Tonga Arc [e.g., Wendt et al., 1997; Turner and Hawkesworth, 1998; Regelous et al., 2008; Beier et al., 2011] . This link is made because northern Tonga Arc lavas, especially from Niuatoputapu and Tafahi Islands, exhibit moderately radiogenic Pb isotopic signatures that are suggested to reflect the radiogenic Pb observed in Louisville hot spot volcanoes. However, the locus of Louisville hot spot subduction has swept southward, away from the northernmost Tonga Trench, over the past $4 million years [Ruellan et al., 2003] . We note that seamounts associated with the older portion of a HIMU Cook-Austral hot spot (the Rurutu hot spot) are suggested to currently be subducting under the northern Tonga Arc, thereby explaining the radiogenic Pb isotopic signatures in the Northern Lau Basin [Falloon et al., 2007; Price et al., 2016] . The HIMU signature from the Rurutu hot spot may also contribute radiogenic Pb to the northern Tonga Arc, in lieu of a contribution from the Louisville hot spot. While we do not rule out a contribution from Louisville in the Tonga arc, we note that Rurutu is a plausible end-member for the unusual radiogenic isotopic compositions of these arc lavas, particularly if these lavas are a result of mixing a Tonga arc component with a Rurutu hot spot component. Supporting this hypothesis, the northern Tonga Arc volcanoes of Niuatoputapu and Tafahi Islands plot between the fields for Rurutu hot spot lavas and Tonga arc lavas in all radiogenic isotopic spaces (see supporting information Figure S3 ).
Formation of North-South Geochemical Gradients in the Lau and North Fiji Basins
In addition to the east-west geochemical gradients discussed above, strong north-south geochemical gradients are also observed in the Lau and North Fiji Basins. Across the Lau and North Fiji Basins, the most geochemically enriched lavas are found in the north, and these enriched geochemical signatures decrease to background, depleted back-arc basin signatures in the south ( Figure 5 ). We hypothesize that this is because all known geochemically enriched hot spot-related signatures-the Samoan hot spot and the Rarotonga hot spot-enter the Lau and North Fiji Basins from the north (Figures 1 and 8 ): underplated Samoan hot spot material enters the Lau and North Fiji basins from the northern fringes of the region, and the Rarotonga hot spot has been subducted into the northern Tonga Trench over the past 2 Ma and supplies geochemically enriched signatures to the Lau Basin from the north (Figure 8) . Therefore, the strongest geochemically enriched signals are incorporated into the basins in the northern regions. These geochemically enriched signatures are likely attenuated, by mixing with ambient depleted back-arc basin mantle, as the enriched Geochemistry, Geophysics, Geosystems 10.1002/2016GC006651 mantle materials are advected to the south in the broad north-to-south mantle flow suggested in the region [Pearce et al., 2007] .
Conclusions
First, we find that strong zonal and meridional geochemical patterns exist within the region, and these patterns can be explained by the incorporation of three different Pacific hot spots via different processes over the past 4 Ma. Second, we argue that the incorporation of underplated Samoan mantle material via toroidal flow around the subducting Pacific Plate, and via pancaking and southward spreading of underplated Samoan plume restite, likely has occurred over the past $4 Ma. Stronger Samoan geochemical signatures are seen in the eastern Lau Basin compared to the northern North Fiji Basin as the younger, hotter, and less viscous Samoan underplated material located in the east is more easily advected to the south than the older, colder, more viscous underplated Samoan material located to the west. Third, the weaker signals of geochemical enrichment observed in the western regions of the back-arc basins compared to the eastern regions may be due to longer periods of mixing with depleted ambient back-arc basin mantle, which will serve to more severely attenuate entrained Samoan hot spot signatures in the west. Fourth, a plate reconstruction suggests that, although the subduction of the Rarotonga Hot spot track by $2 Ma can help explain high 87 Sr/ 86 Sr in lavas in the Lau Basin in conjunction with addition of a Samoan component by toroidal flow over this time interval, only Samoan underplated material can account for the enriched geochemical signatures in the North Fiji Basin. Fifth, we find that the most radiogenic Sr (EM) and Pb (HIMU) isotopic compositions in the Lau and North Fiji Basin lavas are limited to the northeastern Lau Basin; these patterns of geochemical enrichment are likely related to the recent initiation of subduction of the Rurutu and Rarotonga hot spot tracks beneath the northeast Lau Basin (at $1 Ma and $2 Ma, respectively), as well as enhanced southward advection of younger, hotter underplated Samoan plume material. Finally, we find that north-south gradients in both the Lau and North Fiji Basins are most enriched in the northern portions of the basin, and become more depleted southward. These gradients are likely due to the fact that the sources of enriched material to both basins are located to the north; any enriched material that is advected southward is mixed with the ambient depleted mantle, thereby attenuating enriched geochemical signatures toward the south.
